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Airborne LiDAR Measurements of Sea Surface
Properties in the German Bight
Konrad Bärfuss , Bughsin Djath , Astrid Lampert , and Johannes Schulz-Stellenfleth

Abstract— Sea surface measurements are mainly gathered
using satellite altimeter, buoy, and platform measurements.
Satellite measurements typically have a coarse spatial resolution and need recalibration in coastal regions, whereas point
measurements of buoys only represent limited areas around the
measurement point because of the complex coastal bathymetry.
Wave models (WAM) are used to expand the sparse observations
in space and time. As a part of the project WIndPArk far-field
(WIPAFF), which focused on wakes behind offshore wind farms,
extensive airborne light detection and ranging (LiDAR) measurements of ocean waves in the German Bight were performed for
more than 90 h. The LiDAR data processed for significant wave
height can be used to validate and improve WAM models for complex areas and fill the observation gap between satellite altimeter
and point measurements. This creates a detailed picture of the
sea surface for coastal engineering and environmental applications. After introducing the measurement techniques and the
data situation, intercomparisons between the available airborne
measurements, buoy data, and WAM model output are presented
to provide an insight into the potential of airborne LiDAR measurements for wave characterization and wave model validation.
Index Terms— Oceanographic techniques, sea coast, sea measurements, sea surface, waves.

I. I NTRODUCTION
NFORMATION on ocean waves is of crucial importance
for many practical applications, e.g., coastal engineering
and geoscience, in particular in coastal areas with a lot of shipping and offshore activities (some examples are given in [1]).
Furthermore, information about ocean waves is required for
atmosphere/ocean coupling mechanisms [2] or sediment transport processes [3]. Therefore, information about ocean waves
has been of increasing interest within the research community
over the last years.
However, sea surface properties in coastal areas are generally complex to describe analytically and in models because
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of the erratic bathymetry, the fast-changing, and local fetch
and dissipation processes [4].
Particularly, in coastal areas, such as the German Bight
with lumpy and shallow bathymetry, there is still room for
improvement regarding the physical parameterizations or the
definition of boundary conditions and forcing fields [5]. In this
area, the situation is complicated by the fact that the ocean
wavelength is often longer than the water depth. Consequently,
the equations that are normally used for dissipation have to be
refined.
Traditionally, ocean waves are treated in the spectral domain
(see [6]–[9]), and respective numerical ocean wave forecast
models have been developed, which have reached a reasonable
level of accuracy compared with buoys with a root mean
square (rms) around 0.2 m [10]. However, certain processes,
such as bed friction, wave breaking, or wave generation,
are not parameterized with a qualitative relationship to the
observed features [11]. Therefore, measurements are necessary
to identify improvement potential in models, wave parameterizations, and model boundary conditions.
Today, mainly two kinds of data sets for ocean waves
are available to the community: point measurements recorded
on buoys or platforms, and satellite altimeter measurements. Point measurements only represent their close surroundings depending on bathymetry and forcing conditions
(e.g., the Forschungsplattform in Nord- und Ostsee (FINO)
1 and 3 offshore measurement platforms in the German
Bight [12]), whereas satellite altimeter data have a coarse
spatial resolution with a footprint size of typically about 5 km
depending on the system. The data are often deteriorated near
the coastline due to land effects on backscatter. In between
point and satellite altimeter measurements, there is an observation gap for area-covering measurements with small-scale
resolution.
During the project WIndPArk far-field (WIPAFF),
[13], [14], airborne measurements were performed in the
German Bight with the aim to characterize the modified flow
field downwind of offshore wind parks. One key objective
was to improve the knowledge of the sea surface roughness,
which is an important factor for wind profiles and turbulence
(see [15]). Therefore, a laser scanner to measure the 3-D sea
surface elevation similar to the measurements in [16]–[19]
was integrated on board of the research aircraft Dornier
128 D-IBUF of TU Braunschweig (Germany) [20], [21]. The
data are well suited to study gradients in wave energy either
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TABLE I
A IRBORNE L ASER S CANNER M EASUREMENT PARAMETERS

This frame is attached through shock mounts to a ground plate
fastened onto the seat rails around a floor hatch in the fuselage.
The system is capable of measuring water surface elevation
in a line scan pattern with a point spacing of approximately 0.5 m in the lateral and longitudinal directions. Since
reflectance decreases with increasing impact angles compared
with sea surface normals, a strip width of 50–100 m can be
scanned, depending on the altitude above sea level, surface
properties, and measurement settings of the LiDAR instrument. Since accurate position and attitude measurements are
needed for geolocating distance measurements, the inertial
navigation system (INS) iMAR RQH (iMAR Navigation
GmbH, Germany) is used in the research aircraft Do-128.
A. Data Set Overview

associated with wave generation or wave dissipation. Wave
propagation is strongly influenced by the bathymetry in these
conditions with complex nonlinear coupling and dissipation
effects [5].
For most applications, sea surface is described using the
parameter significant wave height (SWH). In forcing conditions (wind sea) with overlaying waves originated far from
the measurement area (swell), sea surface is best described
by directional spectra. Nevertheless, a description of surface
properties with SWH and main wave direction is sufficient for
many applications.
After introducing the technique of LiDAR measurements
of the sea surface and presenting the available data set,
the airborne remote sensing data will be validated against
in situ measurements. A case study then shows the potential
of LiDAR data to complement buoy, platform, and satellite
measurements in a synoptic condition with wind from the
coast and, therefore, complicated fetch conditions for wave
generation caused by the coastline and small islands.
II. L I DAR S YSTEM
The system used for sea surface measurements consists of
a laser scanner integrated in the research aircraft D-IBUF
[20], [21], which is further equipped with multiple navigation
and attitude sensors, as well as meteorological sensors [20].
As the scanning LiDAR of type RIEGL VZ-1000 (RIEGL
Laser Measurement Systems GmbH, Austria) is usually used
for ground-based 3-D terrestrial scanning, its integration had
to consider moderate shocks and vibrations. Table I gives an
overview of the instrument and measurement parameters.
Although reflectance is low for nonperpendicular incident
angles on the water surfaces at the instrument wavelength of
1550 nm, experiments showed sufficient returns for surface
analysis over the North Sea. The effective return rate was
around 4000 point measurements/s.
To integrate the laser scanner into the research aircraft,
a special mount was constructed. Protection against aircraft
accelerations and vibrations was accomplished by adding
another hinge to the turning head mechanism inside a frame.

During the measurement campaigns of the project WIPAFF,
more than 90 h of LiDAR data were collected between
September 6, 2016, and August 17, 2017, in 39 flights during
different weather and sea state conditions. The flight patterns
were arranged perpendicular to the wind direction crossing
the wake of the wind park on flight legs of 45-km length,
at various distances with a separation of 10-km downwind
of the wind park. Wake measurements were performed at an
altitude of 90–120 m above sea level, depending on wind
turbine hub height of the upstream wind park generating the
wake. A graphical overview of the data set is shown in Fig. 1.
B. Significant Wave Height Estimation
Raw surface measurements are referenced in the scanner’s coordinate system. These measurements have to be
transformed by Eulerian angles and displaced by the carrier
position and a lever arm correction. This produces georeferenced measurement points, which can be used for subsequent
calculations. An example of a georeferenced point cloud of
the sea surface at position at 6.8◦E, 54.2◦N on May 31, 2017,
at 10:17 UTC is shown in Fig. 2.
For calculating the significant wave height Hs , the approximation Hs = 4·std(η) (four times the standard deviation of the
surface elevations η [4]) is chosen as the most simple estimate
for SWH considering the wave height Rayleigh distributed.
Although scale factors were approximated in the literature
to connect the classical significant wave height (the average
height of the highest one-third of all waves) H1/3 and Hm0
(four times the square root of the zeroth-order moment of the
wave spectrum), for example, H1/3 = 0.927 · Hm 0 [22] for the
North Sea, these differences in the range of 5%–10% are not
further considered here.
To approximate SWH, the georeferenced point cloud is split
in parts of 10 s to maintain the balance of statistical base
with an average of N = 30 000 measurement points, and
the spatial resolution corresponds to 0.5 km. Since absolute
height is a critical parameter for INS, all measurements of
the surface height were linearly detrended over time inside
the corresponding 10-s windows. This results in a point
cloud with a size of approximately 500 m × 65 m for the
estimation of significant wave height using Hs = 4(η2 )1/2 ,
where η2  is the variance of the sea surface elevations
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As the motion of the sea surface must be regarded as
a stochastic process, errors have to be discussed using sea
surface spectra. The Hs measurements discussed in this study
are based on the standard variance estimator
ζ =: var(η) =

N
1  2
ηi
N

(1)

i=1

where ηi , i = 1, . . . , N, are the individual elevation measurements, using the fact that mean(η) = 0 according to the
definition of water elevation.
The uncertainty of ζ can be written as
var(ζ ) =

N
N
1   2 2
1   2  2 
η
−
ηi η j .
η
i j
N2
N2
i, j =1

(2)

i, j =1

For a Gaussian distribution, the first term can be rewritten as
(see [23])
var(ζ ) ≈

N

1   2  2 
ηi η j + 2ηi , η j 2
2
N
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−

N
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ηi η j
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Fig. 1.
Overview of LiDAR measurements taken in the German Bight
between September 6, 2016, and August 17, 2017, during 39 flights. Red
are downsampled data returns of the LiDAR (downsampled by factor 5000).
The flight patterns were performed mainly downwind of wind parks; therefore,
every single operational wind turbine in April 2017 is indicated in blue. The
diamond, pentagram, and hexagram marks indicate the positions of the wave
buoys “Helgoland-Nord,” “Elbe,” and “Westerland.”

=

N
2 
ηi , η j 2
N2
i, j =1
Hs 4

128 N

+

4 
ηi , η j 2 .
N2

(4)
(5)

i< j

From this equation, it is obvious that the error depends
both on the significant wave height Hs and the correlation
of the measurements taken at different locations. As stated
earlier, each estimation of Hs is based on about N = 30 000
measurements taken inside a box of about 500 m × 65 m
size. The first term (Hs 4 /128 N ) in (5) can be neglected in
this configuration. For the second term, the root-mean-squared
distance of point pairs appearing in the sum is of interest.
Concentrating on the distance l = 500 m in flight direction,
this results in
  l l
1/2
1
2
rms(distance) ≈
(x − y) d x d y
l2 0 0
≈ 200 m.
(6)
Making some simplifying assumptions about the decorrelation
properties of waves [24], a correlation magnitude of about
|c| = 0.05 for a typical sea state (100-m wavelength and 2-m
wave height) and points 200 m apart is found. Equation (5)
then simplifies

Fig. 2. Example of surface measurements during a time span of 5 s at 6.8◦ E,
54.2◦ N on May 31, 2017, at 10:17 UTC. The sea surface deflection from the
mean surface level is color-coded. The flight direction is from the right to the
left, the blue arrow points to the North direction.

η. This method provides stable estimations of Hs . In the
example of georeferenced sea surface deflection measurements
in Fig. 2, the resulting Hs for the surface example shown is
Hs = 1.4 m.

H2
stdv(ζ ) ≈ |c| √ s .
128

(7)

As an example, this would give stdv(ζ ) ≈ 0.018 m2 for
Hs = 2 m, which finally results in a relative error of the
variance estimate of about 15%. This is a reasonable accuracy
for practical applications compared with the modeled data.
Another peculiarity of airborne scanning is the relative
velocity between the wave propagation and the carrier of the
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TABLE II
D ATA S ET SWH OVERVIEW TABLE A RRANGED A CCORDING TO THE F LIGHT N UMBERS U SED IN THE PANGAEA D ATA S ET [29] AND F LIGHT D ATE .
W IND F ROM 30◦ TO 210◦ I S PASSING F ROM THE C OAST. T HE SWH VALUES S HOWN A RE M EASURED BY THE L I DAR S YSTEM , D ERIVED
F ROM THE WAM M ODEL I NTERPOLATED IN P OSITION AND T IME D URING L I DAR M EASUREMENTS AND B UOY SWH M EASUREMENTS .
F1 D ENOTES THE M EASUREMENT AT THE FINO (F ORSCHUNGSPLATTFORMEN IN N ORD - UND O STSEE ) P LATFORM FINO1 IN THE
L OWER M IDDLE OF THE G ERMAN B IGHT, F3 THE M EASUREMENT AT FINO3 C LOSE TO THE “W ESTERLAND ” B UOY, EL THE
“ELBE” B UOY, AND HE THE B UOY “H ELGOLAND -N ORD ”

sensor. Therefore, Taylor’s hypothesis of “frozen patterns”
cannot be applied. For the first raw and second central moment
that is used to estimate Hs , this effect, called “scanning
distortion,” has no influence since spatial locations of the
measurements in the longitudinal and lateral directions have
no influence on elevation variance.
III. DATA FOR I NTERCOMPARISONS
Data sources for this study include satellite altimeter observations using data from the Sentinel-3 mission [25], [26]

and buoy measurements at Heligoland (“Helgoland-Nord”),
Scharhörn (“Elbe”), and Sylt (“Westerland”) [10], [12], [27],
outputs of model runs from the third-generation WAM
model [28], and airborne LiDAR data obtained during
WIPAFF [21], [29]. Fig. 1 shows all flight trajectories with
running LiDAR data acquisition and the locations of the buoy
measurements.
A tabular overview of all flights is presented in Table II.
Besides wind parameters, SWH values from different
sources are included to give a general impression on the
wind-wave situation on every flight. Therefore, time series of
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SWH measurements are represented through its median values
during the flight.
A. In Situ Measurements
The sea surface is measured by directional waverider buoys
(Datawell, The Netherlands) [12], and the processed data are
available every 30 min. Processed buoy data (“HelgolandNord,” “Elbe,” and “Westerland,” data provided by the Federal
Maritime and Hydrographic Agency in Germany, and the
“Landesbetrieb für Küstenschutz, Nationalpark und Meeresschutz Schleswig-Holstein”) include the measurements of the
wave height, propagation, and spectral properties. In addition,
time series of the heave was available to process SWH for
different time spans.
During the project WIPAFF, the airborne LiDAR measurements were not systematically coordinated with these
measurements. However, additional overpasses of buoys were
performed during measurement flights in 2020 to confirm the
agreement of both measurement techniques.
B. Satellite Observations
This study considers the operational altimetry satellite
Sentinel-3A [25], [26], [30], [31]. Satellite altimetry is based
on radar technique that measures the ocean surface height
with a precision of few centimeters. The observations use the
Ku-band and provide high-quality sea state and wind speed
estimations.
Sentinel-3A orbits similar to ENVISAT at an altitude
of 814.5 km. It is a sun-synchronous orbit and has a repeat
cycle of 27 days. This explains why only a few colocations
can be found, and the data for LiDAR and satellite intercomparisons are rare. The satellite is expected to provide an
improvement of wave height measurements near the coast.
Satellite measurements were bias corrected using a calibration
relative to buoys [32]; therefore, a comparison of absolute
levels between the buoy and satellite data cannot be conducted.
The satellite data used for the study are composed of
along-track samplings [33], [34]. The along-track spatial resolution of Sentinel-3A can reach 300 m depending on the radar
mode. A track close to the wind parks, where the LiDAR
measurements are taken, is chosen for comparison.
C. WAM Model Data
Model data are available from the third-generation ocean
wave model WAM [28]. This model solves the action balance
equation, which describes the following:
1) wave generation by the wind;
2) wave dissipation by white capping and bottom friction;
3) four-wave interaction;
4) propagation of waves in variable bathymetry.
A 1-km model for the German Bight was nested into a 5-km
North Sea model. The used model setup is part of the Coastal
Observing System for Northern and Arctic Seas (COSYNA)
run at the Helmholtz-Zentrum Geesthacht (HZG) [35], [36].
The required wind fields were taken from the operational atmospheric model runs of the German Weather Service (DWD). The model computes 2-D wave spectra with

Fig. 3. Time series of retrieved SWH from LiDAR and buoy measurements at
three different locations on May 5, 2020. Red dots show the SWH estimation
from LiDAR measurements (time span of 10 s), black dots indicate SWH
estimations using buoy heave time series (time span 30 s), diamond marks
indicate the SWH estimations of buoy time series during a time span of 2 min,
and the blue circles denote calculated SWH over 30 min. Data are plotted for
the middle of the estimation time span.

30 directional 15◦ sectors and 30 frequencies logarithmically
spaced from 0.042 to 0.66 Hz. In the used preoperational run,
a set of integral wave parameters, such as significant wave
height, peak period, or peak direction, is stored for each grid
point. These variables are instantaneous outputs and are saved
for every 3 h.
The ocean wave model is affected by different types of
systematic and stochastic errors. A lot of efforts were invested
into the reduction of biases, e.g., associated with the parameterization of dissipation processes. It is well known that the
remaining random errors are to a large extent due to the driving
wind fields. Nevertheless, typical rms differences of model significant wave height with respect to buoy measurements are of
the order of 0.3 m [37]. One has to take into account, however
that these differences include significant errors contributed by
the in situ measurements. This means that the actual model
error can often be significantly lower than 0.3 m [38].
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Fig. 4. WAM simulations showing the distribution of significant wave height (color-coded) on August 8, 2017, 12 UTC. Indicated in black is the flight path,
and subsequent flight legs are enumerated in white. The peak wave direction is shown by the blue arrows. Individual wind turbines are given as red asterisks.
The wind direction is indicated as yellow arrow. Sampling locations for the direct overpass of Sentinel-3A are marked as cyan circles.

IV. R ESULTS
In the first section, LiDAR data are evaluated by a direct
intercomparison with buoy data. Subsequently, a brief case
study allows to zoom into detailed features with a dedicated
intercomparison between LiDAR, satellite, and WAM data.
A. Evaluation of Airborne LiDAR Measurements Using Buoy
Data
During the Project X-Wakes, the follow-up project of
WIPAFF, the opportunity was taken to fly rectangular

patterns close to wave buoys in 2020. The SWH estimated
by the LiDAR during these fly-bys can, therefore, directly be
compared with in situ data.
Fig. 3 shows these intercomparisons at three different locations (“Helgoland-Nord,” “Elbe,” and “Westerland” locations
marked in Fig. 1) on May 5, 2020. Despite the spatial distance
of up to 5 km between the measured LiDAR surface and the
buoy positions, a deviation similar to the error estimated in
[see 5] is observed, depending strongly on the estimation time
span of buoy data. Since the scatter of SWH in time is an
inherent feature of the sea surface, differences in the scatter
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Fig. 5. Comparison of WAM and LiDAR Data on August 8, 2017, in the morning. In (a) significant wave heights are plotted over time where red dots
are Hs estimations out of LiDAR measurements during 10 s, the red line is the moving average over ten LiDAR Hs estimations, and the other colored
lines are WAM outputs out of model runs for different times, interpolated on flight trajectory. Data from the satellite overpass come as black circles. In (b),
overflown bathymetry is shown over time, and leg numbers, including its trajectory directions, are named inside boxes over leg time spans. The satellite
overpass happened during measurements on the end of Leg 06.

of SWH estimations depending on the estimation time span
can be seen in the figure. Increasing the estimation time span
would reduce the scatter but consequently decrease the temporal (buoy measurements) or spatial (LiDAR measurements)
resolution.
B. Case Study in a Growing Sea Situation
The case study represents a situation where new ocean
waves are created by wind from land to the sea and where
small-scale variations in the wind field can have a significant
impact on the wave growth and the spatial distribution of wave
energy.
On August 8, 2017, the synoptic situation in the German
Bight was dominated by a low-pressure system centered above
The Netherlands/Western Germany. This involved flow from

the east (wind direction: 80◦ ) above the German Bight with
a wind speed of around 9 ms−1 at hub height similar to
the wind speed of the first case described earlier. During
the day, the wind speed increased and reached 15 ms−1 in
the afternoon. The air masses warmed up above land had
temperatures exceeding the sea surface temperature of 18 ◦ C.
This temperature inversion includes a stable atmospheric stratification. This is in agreement with a wake length exceeding
35 km [13].
Fig. 4 shows the data situation on August 8, 2017, around
10:19 UTC for the subsequent intercomparisons in a map of
the German Bight, including a direct satellite overpass of the
Sentinel-3A platform.
One can see wave peak direction from the WAM model
pointing in easterly direction as well as wave peak direction
arrows pointing in westerly direction. This is caused by
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Fig. 6. Comparison of WAM and LiDAR Data on August 8, 2017, in the afternoon. In (a), significant wave heights are plotted over time where red dots
are Hs estimations out of LiDAR measurements during 10 s, the red line is the moving average over 10 LiDAR Hs estimations, and the other colored lines
are WAM outputs out of model runs for different times, interpolated on flight trajectory. In (b), overflown bathymetry is shown over time, and leg numbers,
including its trajectory directions, are named inside boxes over leg time spans.

the data set used, where peak direction is not separately
treated for swell and for wind seas. Close to the land in
easterly direction, peak directions indicate an underlying swell,
whereas, in open seas, wind forcing dominates, and the wind
direction coincides with wave peak direction. This indicates a
complex ocean wave situation. On August 8, 2017, two flights
were performed: one in the morning (08:35–12:33 UTC) and
another in the afternoon (13:06–17:07 UTC).
Measurements on August 8, 2017, took place during the
whole day in the German Bight. This allows to intensely compare WAM outputs during a complex wind/weather situation.
Fourteen legs were flown in the morning (see Fig. 5), and
a similar pattern was repeated in the afternoon (see Fig. 6).
In the morning, the wind speed was around 9 m/s, the wind
direction was east, and fetch was limited to a few tens of
km. Therefore, wave height was significantly less with 75 cm

compared with the case study on April 11, 2017. On an
hourly timescale, WAM outputs and measurements agree, but
significant peaks in Hs appear around the legs 8, 9 [see
Fig. 5(a)], and 20–25 [see Fig. 6(a)]. Generally, the airborne
measured wave heights are up to 40 cm higher than the
modeled wave heights. The underestimation of wave height
by the model seems to be a local effect since regions close
to the coast are not affected by such high deviations. A clear
correlation between the bathymetry and the wave height as
one might have expected is not observed for all legs [see
Figs. 5 and 6(a) and (b)]. Assuming correct bathymetry data
for the WAM model runs, the significant deviations between
the measurements and model data in the southern parts of
legs 8, 9, and 20–25 could be affected by atmospheric input
since deviation peaks increase in time, correlating with the
increasing wind speed in the afternoon from 12 to 14 ms−1 .
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Satellite measurements agree ±12 cm compared with the
LiDAR measurements and depend strongly on the latitude of
the measurement footprints.
In the afternoon, a wake with 55-km length was observed
using aircraft wind measurements. In addition, LiDAR measurement shows wake-induced variations in reflection, but
SWH retrieved by the airborne LiDAR, as shown in II-B,
seems not to be affected by the wake.
V. C ONCLUSION AND D ISCUSSION
An airborne LiDAR was used to measure ocean waves in
the German Bight. SWH varied between 0.4 and 2.3 m, and
data are validated against buoy measurements during direct
overpasses, which confirms the error estimation conducted.
Besides, a case is presented, which represents a wave growth
dominated situation. Overall, the LiDAR in situ measurements
are in very good agreement below 15% deviation with the
outputs of the third-generation numerical WAM model and
within the expected error range of the wave model [36]. Therefore, airborne LiDAR may serve to calibrate satellite offsets
in coastal areas, refine parameterization of WAM models, and
study small-scale variations in complex areas (mostly shallow
water). Estimation time span shows to have a strong influence
to the scatter in retrieved SWH and, therefore, is an important
tuning parameter for different applications.
Small-scale wave height variations not captured by the
WAM model were observed by the airborne LiDAR, which
seems to be connected to small-scale variations of the bathymetry and the driving wind field. The new observations, therefore, have a big potential for the optimization of coastal wave
models that are still affected by a number of uncertainties
regarding the bathymetry, the meteorological forcing, and the
details of the wave growth and wave dissipation processes [36].
The error prediction is confirmed, in particular increased
variations in Hs estimations in a rough sea state compared with
a moderate sea state. The case study on April 11, 2017, has
a visibly broader distribution of SWH derived from LiDAR
measurements than the distribution of the measurements on
August 8, 2017.
The promising results presented in this study motivate
further analyses that can be carried out with the LiDAR
data. Significant wave height is a parameter of importance for
coastal and offshore engineering applications. WAM modeling
is used to cover larger areas of the dimensions of the German Bight. The presented observations constitute a valuable
tool to validate WAM simulations and to improve physical
parameterizations as well as boundary conditions and forcing
fields. Furthermore, sea surface parameters strongly interact
with the atmosphere; therefore, the high-resolution data set
can be used for coupled studies of atmosphere and North Sea,
where the combination with simultaneous measurements of
meteorological parameters will be further exploited.
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